A green methodology for the production of polymers from bamboo powder was investigated. The optimal conditions for the extraction of components from bamboo were defined by incubating the powder in an acetate buffer (pH 5) under boiling for 2 h. Native laccase from Myceliophthora thermophila was used afterwards to oxidize the extracts from the final resulting extraction liquid. The reduction of the free OH content after enzymatic oxidation, as well as the 1 H NMR data, confirmed the efficient polymerization of the extracts. The bamboo powder samples were also subjected to high compression and curing, in the absence and in the presence of laccase, to evaluate the hardness of the tablets formed by enzymatic bonding events. The results revealed a higher hardness when the tablets were produced in the presence of laccase, confirming the role of the catalyst on the precipitation of colloidal lignin and phenolic extractives. Herein we produce new oligomers/polymers by laccase oxidation of the extracts resulting from a clean method boiling. At the same time, the data open up new routes for the exploitation of new lignocellulosic materials by the direct application of the enzyme on the bamboo powder material.
Introduction
Bamboo, a type of renewable and sustainable natural resource with a powerful regeneration ability, has been investigated in a variety of industrial applications in recent years [1, 2] . As a fast-growing forestry plant it requires merely two months growing from a shoot to an adult, and is composed mainly of three polymers including lignin, cellulose, and hemicellulose [3, 4] . Hemicellulose and lignin are the most abundant aromatic biopolymers which show an increased importance on the extraction approaches due to their extensive application on biomaterials [5] . Bamboo components, when extracted, can find a panoply of applications that go from antioxidants products to fiberboards, material composites, among others [6] [7] [8] [9] . Moreover, the by-products obtained from bamboo processing can be a cheap source of bioactive compounds, especially antioxidants [10, 11] . The development of these new materials might generally involve the addition of chemical adhesives or greener methods like the use of enzymes, namely, oxidoreductases. Laccases, defined as green and effective oxidoreductases, can catalyze an extensive range of substrates such as phenolic compounds and their derivatives [12] [13] [14] [15] . In the recent decades, it has been proved to use laccases in the process of phenolics polymerization under mild conditions, as a potential alternative to the traditional polymerization procedures involving hazardous chemicals and harsh conditions [16] [17] [18] [19] [20] . Zerva and Manos investigated the process of bioconversion of phenol monomers using laccase, producing polymers derived from gallic acid and catechol successfully [21] . Liu studied the enzymatic treatment on mechanochemical modified bamboo to extract non-cellulosic matters from finer bamboo fibers in nature, and laccase was used to loosen the compact structure of bamboo fibers [8] . Kumar attempted the procedure of the simultaneous pretreatment and saccharification of bamboo to produce fermentable sugars using laccase [22] . However, few reports on the applications of laccase concerning woody materials could be found, especially related to the laccase polymerization of bamboo powder extracts.
Based on the researches of Higuchi and Wen [23, 24] , we recently explored the extraction of bamboo bast fiber powders and identified different compounds [25] , namely, vanillic acid, 5-hydroxymethylfurfural, gallic acid, guaiacol and vanillin, whose molecules are involved in the lignin biosynthesis of bamboo along with the lignin monomers (LM) of coniferyl alcohol and sinapyl alcohol and some other mono-and oligomers of hemicellulose components of bamboo, as shown in Table 1 [25] . The findings revealed boiling and ultrasound as an efficient and green methodology for the extraction of the hemicellulosic and phenolic compounds from woody bamboo without the addition of any harmful solvents. Table 1 . The products extracted from bamboo powder using boiling and ultrasonic probe treatments and analyzed by LC-ESI-TOF [25] .
Compound Extracted
Concentration (mg/mL) In the present work, our goal was to take advantage of bamboo as a cheap source of bioactive compounds like phenolics and test the oxidative ability of laccase to polymerize the extracts obtained from bamboo powder boiling. At the same time, it was our aim to explore the potentiality of this catalyst to be applied directly onto the crude material for the precipitation and bonding of the phenolics and produce novel harder bamboo-based materials.
Material and Methods

Material
Commercial food grade bamboo poles originating from Mount Huangshan, Huangshan, China, were used in this study. Folin-Ciocalteu, 2,2 -Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), Na 2 CO 3 , and acetic acid were purchased from Sigma Aldrich (St. Louis, MO, USA). Laccase (EC 1.10.3.2.) from Myceliophthora thermophila was supplied by Novozymes, Copenhagen, Denmark. All other experiment reagents were of analytical grade and used as received, if not otherwise specified.
Extraction of Bamboo Powder
Bamboo Powder Production
The bamboo poles were cut into small bamboo chips manually for further treatment. The chips were then ground to bamboo powders with the YF-1000 medicine pulverize machine (Yongli, Guangzhou, China). The obtained bamboo powders were then dried to a constant weight in an oven set at 40 • C and stored for further use.
Boiling Extraction of Bamboo Powder in Acetate Buffer
Prior to enzymatic polymerization with laccase, 10 g of bamboo powders in 100 mL of acetate buffer (pH = 5) in a bath ratio of 1:10 were boiled for 2 h and afterwards, the liquid resulting from extraction was recovered and centrifuged (8000 rmp) to completely separate any remaining powder content from the extracted liquid. The remaining bamboo solid was dried to a constant weight in an oven set at 40 • C and stored.
To evaluate the effect of the boiling duration on the amount of extracts obtained, sets of experiments were conducted by boiling for 2 h using the material firstly boiled under the same conditions. In one set of experiments, the liquid of the second extraction was then collected, freeze-dried, and weighed and in the other set the liquid was kept for further treatment with laccase.
Laccase-Assisted Polymerization of Bamboo Extracts
The laccase-assisted polymerization of bamboo extracts was performed using laccase on the liquids resulting from bamboo powder extraction (1st and 2nd boiling). A total of 20 mL of the extraction liquid were incubated with laccase (100 U/mL; specific activity: 4000 U/mL) at 40 • C in a water bath (Grant, OLS Aqua Pro) for 3 h. The experiment control consisted of the incubation of the extracted liquid under the same conditions without the addition of laccase. The polymerization was follow-up by UV/Visible spectroscopy.
Free OH Content by the Folin-Ciocalteu Method
The free OH content was evaluated after laccase oxidation by using the Folin-Ciocalteu method [26] . Herein, 500 µL of Folin solution was added to a 100 µL solution, followed by 6 mL of water, before shaking them for one minute. A total of 2 mL of Na 2 CO 3 (15% w/v) and 1.4 mL of water were supplemented afterward, reaching a total volume of 10 mL. After 2 h of reacting adequately at room temperature, the total phenolic compound content of all the samples above was detected at 750 nm. The total content of free OH was assessed by plotting a gallic acid calibration curve (from 1 to 1500 µg/mL). The equation of the gallic acid calibration curve was A = 0.2977c + 0.0368, and the correlation coefficient was r 2 = 0.9988.
Laccase Activity
The enzymatic activity of laccase was evaluated spectrophotometrically to evaluate its stability during processing. Aliquots of the enzyme solution were taken at different periods of incubation and the activity of laccase was measured against ABTS according to the methodology described by Childs and Bardsley [27] . The enzyme diluted solution was mixed (1:1) with ABTS (5 mM) in an acetate buffer and the increase in absorbance was followed at 420 nm every minute until 10 min of incubation. The spectrophotometer was zeroed with the ABTS zero sample, which contained a mixture of acetate buffer (0.1 M, pH = 5) and ABTS solution. The experiment was performed at 25 • C. The activity in units (U) was defined as the amount of enzyme required to oxidize 1 µmol of ABTS per minute and was calculated by Equation (1) [27] :
V total : total volume of test solution; V enzyme : total volume of enzyme solution; ε ABTS : 36,000 L/ (mol* cm); d: light pass length (cm); N: enzyme dilute times.
New Materials of Bamboo
Production of Bamboo Powder Tablets
The bamboo tablets were prepared in the raw powder and the powder was boiled for 30 min in a water bath and in an ultrasound bath. Each sample was produced by the preparation of different layers as follows: (i) 0.05 g bamboo + 200 µL acetate buffer + 40 µL laccase + 0.05 g bamboo + pressing and placing in oven (30 min, 40 • C) + tableting for 5 min (pressure: 5000 kg), and the respective control was prepared: (ii) 0.05 g bamboo + 240 µL acetate buffer + 0.05 g bamboo + pressing and placing in oven (30 min, 40 • C) + tableting for 5 min (pressure: 5000 kg). The prepared tablets were then tested for hardness.
Hardness Testing
The hardness testing of bamboo powder tablets was performed using the TA.HD plus Texture Analyser (Vienna, Austria). 
Results and Discussion
Extraction Yield
In a previous work, we defined the optimal conditions for the extraction of hemicelluloses and phenolic compounds from bamboo bast fibers. After testing, 2 h of boiling was set up as the optimal time to extract the maximum amount of compounds from those materials [25] . Taking into account our previous findings, we used the same boiling time to conduct the boiling of the bamboo. The extraction yield was evaluated by weight quantification before and after the boiling processing. From the data obtained (Table 2) , one can observe that after the first boiling an extraction yield of 9.19% was achieved while 7.31% was obtained after the second boiling. The two consecutive boilings allowed to achieve a total extraction of 16.50% of the initial material, which is an acceptable working amount considering that no additional solvents are included in the system. One can also verify that with each consecutive boiling, it is possible to extract an additional amount of material, however, with a descending tendency with the number of boilings. 
Enzymatic-Assisted Polymerization of the Extracts
The extraction liquids were oxidized by laccase after extraction and the polymerization was followed spectrophotometrically (λ = 270 nm) and visually as presented in Table 3 . The ratio of monomer/enzyme used for the oxidation of the extracts was defined according to a feasible and well-established methodology described by us on several works related with the oxidation of phenolic compounds, and the best operational conditions established were taken into consideration [28] [29] [30] [31] . In fact, we have previously optimized the oxidation of phenolics using laccase in order to achieve a feasible and cost-effective methodology. The overall methodology herein described involved mild reaction conditions, not only at the boiling stage but also on the oxidation step, and might be thus considered a cost-effective process. Considering our previous products' identification, it is possible to ensure the presence of different phenolic and lignin compounds which are susceptible to be polymerized by laccase, however, since we have not performed their identification herein, it is not possible to identify the major bioactive compounds that were extracted and suffered oxidation by laccase. One can only confirm that polymerization occurred and is detectable by UV/Visible spectroscopy. The data obtained reveal a clear color change from light yellow to dark brown after enzymatic oxidation. This coloration is related to the polymerization promoted by laccase of the different phenolics extracted, previously identified as being vanillic acid, 5-hydroxymethylfurfural, gallic acid, guaiacol, and vanillin [23] . It is noteworthy that a stronger coloration of the samples was visible after the first boiling than after the second one. In the latter case, the amount of extracts is lower, as depicted visually, and a low amount of material is available for polymerization. This is the first evidence to prove that even if one increased the time of boiling, it would not be translated into a significant increase in the amount of material extracted susceptible to be polymerized. 
Free OH Content after Polymerization
During the bioconversion of phenolic monomers assisted by laccase, a complex combination of structures can be obtained, as proposed in Figure 1 [21, 31] . The studies show that during the polymerization of phenolic monomers, like catechol, the literature reports a typical polymer structure where the catechol units are connected by ether linkages. The reaction occurs by oxygen-carbon bonding at the para-position of the other monomeric unit. This position is more prone to be involved in the reaction binding rather than the ortho-position, which involves more stereochemical impediments [21, [32] [33] [34] . Considering this type of reaction, the free OH groups of the oligomers/polymers can be quantified and a decrease of the OH content compared with the monomer (control) is an effective proof of the polymerization [30] . For this, the free OH content of the reaction mixtures was evaluated via the Folin-Ciocalteu method [26] . As shown in Figure 2 , in the presence of laccase, a significant decrease in the content of the free OH groups can be observed, confirming polymerization. The results are in accordance with the previous UV/Visible data, where the reactions using laccases were responsible to impart higher coloration to the solutions, meaning an effective polymerization, which is confirmed by the lower content of the free OH groups. 
1 H NMR Spectroscopy
After the polymerization of the phenolics extracted from bamboo, the 1 H NMR spectra were recorded. From the data obtained, it is possible to observe a decrease in the signal intensity of the aromatic protons (δ H 6.7 ppm) ( Figure 3C ). In the control experiments ( Figure 3B ) without laccase, the peaks remained the same as in the original liquid of extraction ( Figure 3A) , confirming the polymerization of the phenolic compounds present in the extraction liquid. From the data obtained, it is hard to infer the possible structures obtained after polymerization. The boiling extraction, as mentioned before, gave rise to extractives containing a mixture of compounds which disabled the accurate interpretation of the spectra and the prediction of the polymer structures obtained. The presence of hemicelluloses in the extraction solution might be responsible for the impossibility to accurately acquire the mass spectra of the polymerized solutions by MALDI-TOF (data not shown).
Polymerization Yield
A simplistic but accurate method was applied to evaluate the polymerization yield after oxidation of the extracts by laccase. The weight difference verified before and after laccase-assisted oxidation gave us an idea of the amount of material formed after the oligomerization/polymerization promoted by laccase in a water bath reactor. One might verify from Table 4 that the polymerization yields were different between the 1st and the 2nd boilings, being higher in the latter. These results might be explained by the oxidation constrains found by laccase in contact with the material firstly extracted. As it is currently reported, the bamboo materials are composed by phenolics, lignin compounds, and hemicelluloses, which are present in a considerable amount in the first boiling extractives, as we previously confirmed [25] , and might hinder the laccase oxidative behavior. Table 4 . The polymerization yield after the incubation of the liquid extracts with laccase. 
Laccase Stability
Generally, the activity and stability of enzymes are greatly influenced depending on the media used and the time of incubation [35, 36] . To predict this, the residual activity of laccase along time was assessed ( Figure 4 ). As observed from Figure 4 , the activity of laccase incubated in a water bath showed a slight decrease of the activity after the first hour of incubation (≈90% of the initial activity), losing only 23% of the initial activity after the total time of incubation, 3 h. The data revealed that the catalyst is highly stable in the conditions applied, especially in the first hour of incubation, the period in which the main enzymatic events occur. The data obtained allowed us to infer the possibility of exploring the enzyme recovery after the enzymatic oxidation with the consequent reduction of the costs associated. 
The Hardness of Bamboo Tablets
The concept of the cohesion of the lignin phenolic hydroxyl groups has been established by several authors including Felby et al. [6, 37] . The use of lignin-oxidizing enzymes for bonding applications is inspired by the reactivity of phenoxy radicals in the plant cell wall. In vivo, oxidoreductases catalyze the polymerization of lignin through the cross-linking of phenoxy radicals, and a similar type of reaction for the bonding of lignocellulosic materials in vitro can be undertaken [7] .
Herein, we used laccase as a catalyst for the bonding of the phenoxy radicals of bamboo to produce a "glued" and compact structure. After production, the tablets were subjected to hardness studies to evaluate the ability of laccase, in conjugation with a high pressure, on bonding and precipitation of colloidal lignin and phenolic extractives. The results presented in Figure 5 reveal a significant increase in the hardness of the bamboo tablets after bonding with laccase, compared with the controls without the enzyme. It is also possible to perceive that a previous boiling of 30 min in a water bath or in an ultrasonic bath did not favor the hardness comparing with the raw bamboo. The extraction of the phenolics to the liquid during boiling decreased the number of phenoxy groups available, therefore hindering the bonding of the lignocellulosic material. 
Conclusions
In this work, a green methodology to produce polymers from bamboo was developed. The production of new oligomers/polymers was based on a previous boiling powder extraction followed by the enzymatic oxidation of the phenolic extracts by laccase. We confirmed the efficient extraction of the phenolics by boiling without the addition of any solvent and also the ability of laccase to polymerize the extracts. The successive boiling procedures seemed to play a positive role in the amount of materials extracted, which decreases with the number of consecutive boilings performed. The oxidation of the extracts by a feasible and green technology using laccase as a catalyst gave rise to new polymers.
Novel materials from bamboo powder were also attempted. The cohesion and bonding of the phenolics promoted by laccase lead us to produce hard bamboo tablets with a potentiality for a panoply of applications including fiberboards, isolates, and housing materials, among others. 
